The size of conformational ensembles required for regular coverage of the conformational space of drug-like molecules was examined. Using the conformer generation program Omega, the number of regularly-distributed conformers (NRC) of flexible compounds was determined as a function of the root mean square deviation (RMSD) resolution of coverage. A regression equation was developed predicting the NRC of a molecule as a function of RMSD. The model yielded R 2 of 0.91 for both training and test sets, which consisted of 3,414 and 3,352 compounds, respectively. Utilizing 14,504 ligands from the Protein Data Bank with experimentally determined 3-D conformations, the regression equation was applied to the estimation of the NRC and the success rate of reproduction of experimental conformations from a theoretical conformation ensemble as a function of RMSD and flexibility was explored.
INTRODUCTION
Conformer generation software 1-6 is widely used as a theoretical construct in protein docking, 3-D pharmacophore analysis, and shape searching. 7 This is not surprising given that the biologically active ("bioactive") conformation(s) of a compound cannot, generally speaking, be represented by one, simple-to-obtain, "privileged" conformer. Rather, a compound's bioactive conformation(s) is found on variable locations of its conformational hyperspace. To detect and locate a bioactive conformation(s), one must select and analyze potentially large representative subsets of all possible conformers, with the concomitant demands on generation, evaluation and storage.
For drug design purposes, theoretical models of conformational flexibility would be most ideal if the conformer ensemble were relatively small in size and contained only relevant conformations that are within a knowable degree of accuracy to all possible bioactive conformations. Correspondingly, the quality of conformational ensembles generated by specific theoretical methods or software is often gauged by their ability to reproduce, for example, a molecule's protein-bound conformation responsible for biological activity.
Two major approaches (not mutually exclusive) exist for meeting the challenge of balancing the size of the ensemble against accuracy of reproduction of protein-bound conformations: use of energy thresholds, which consider only conformations within an energy range relative to the conformation of least energy; and providing regular coverage, where a single conformation is chosen to represent a particular region of possible conformational space. The first approach excludes those high energy conformations that are considered to be biological irrelevant, but assumes that the theoretical force-field employed can accurately represent actual biological environment energetics. The second approach excludes conformations that are too similar to each other and assumes that the conformer generation procedure will properly sample all possible conformational space.
A number of studies [8] [9] [10] [11] [12] have been carried out to understand the energetics of biologically active conformers. Some authors 8-10 have shown that bioactive conformations can have relatively high energy, up to 9-20 kcal/mol. Others 11-12 have argued that the high energy estimates are a direct result of deficiencies in the molecular mechanics force-fields and that, as theoretical methods improve, the estimates of strain energy will decrease to 3-4 kcal/mol. However, no consensus has emerged on what energy threshold and force-field combinations are best able to partition the conformational hyperspace of drug-like molecules into "bioactive" and "bioinactive" parts.
One problem in this context may be that the majority of these energetic studies were performed in isolation from the geometric conformational concept of a molecule. By "geometric concept" we mean the intrinsic conformational characteristics of a molecule as a function of its size, flexibility, and possibly other structural descriptors, regardless of energetic considerations. This study attempts to provide some quantitative characteristics of the geometric space of drugsized molecules to enable a deeper understanding of the possible size of geometrical space of an arbitrary molecule and, perhaps, provide the basis for better understanding of the role of energy thresholds relevant to answering the following fundamental question: What is the bioactive relevant conformational space?
The characteristic of the geometric conformational space of a molecule, as analyzed here, is the number of regularly distributed conformers (NRC) in a conformational ensemble at a given resolution of coverage. The resolution of coverage is the minimum RMSD (root mean square deviation of atomic coordinates of non-hydrogen atoms) between conformers in an ensemble. We denote this RMSD of resolution of conformational coverage in the remainder of the article as simply "RMSD" unless otherwise noted.
The concept of the NRC embodies a number of useful aspects. The potential number of conformers of a flexible molecule, according to the RMSD definition above, is infinite at the limit of RMSD approaching zero. At non-zero RMSD values, however, the NRC provides a quantitative description of a molecule's conformational space. As a structural characteristic, NRC is directly related to a molecule's size and flexibility and should, therefore, be predictable from the molecule's structure, ideally from just a few structural descriptors. Since NRC is also a characteristic of a complete and regular ensemble, which must, by definition, contain the bioactive conformation within the ensemble's RMSD resolution of coverage, NRC defines the size of the ensemble that must be generated to provide the desired accuracy of reproduction of any bioactive conformation. Application of energy thresholds and other more sophisticated rules of conformer selection should then, ideally, be able to decrease the size of the ensemble required for the same accuracy of reproduction of the bioactive conformation. Therefore, the NRC can be used as a reference point for evaluation of the effectiveness of energy thresholds and of other rules used in the exploration of bioactive conformational space.
Although the NRC can be thought of as a general characteristic of a molecule, one has to determine it with a specific method and application. In this study, we exemplify our approach with the conformer generation program Omega (OpenEye), version 1.8.1 13 . Modern conformer generation software typically uses an approach that systematically omits some parts of conformational space by using a pre-defined knowledge base of allowed torsion angles and ring conformations, by limitations on the maximum number of conformers, by using energy thresholds, and by other algorithmic limitations 14 . As a result, the produced ensembles are "quasi-regular". Omega falls in this class of software, and we discuss its effects on the results of our study. The specific feature of Omega that made this study possible is the ability to use the RMSD-based filtering of the preliminary pool of conformers, which provides RMSDspaced ensembles as output.
Using Omega, we analyze the average size of ensembles produced for RMSD resolutions ranging from 0.6 Å to 2.4 Å for compounds with different numbers of effective rotors. We develop a regression equation predicting the dynamics of NRC as a function of RMSD. Finally, we discuss the coverage of the conformational space by Omega by comparing generated conformational ensembles with experimentally determined conformations of protein-bound ligands in the MMDB 15 data source as deposited in PubChem 16 . The first stage employs a random-coordinate distance-geometry method 17 to generate initial conformers that are refined using the Merck Molecular Force-Field 18-19 (MMFF) to create the initial conformers used in the torsion driving stage. In the second stage, Omega generates multiple conformers from each first-stage conformer by using a depth-first, divide-and-conquer algorithm, where the input structure from the first stage is transformed into small fragments that are then, using a knowledge base of allowed torsions and ring conformations, joined together to build the molecule's conformations. A selectable energy window for conformations, using an Omega-specific variant of the Dreiding force-field 20 favoring macromolecule-bound conformations, optionally limits which conformers are generated.
COMPUTATIONAL METHODS
In the final stage, the resultant set of conformations produced by the earlier stages is filtered using the RMSD distance between conformations. This step achieves the actual RMSD "grid" resolution for the ensemble. Considering each conformation produced in the first stage is treated separately in the second stage of conformer generation, this final filtering can dramatically reduce the size of the ensemble by guaranteeing a minimum RMSD distance between all conformers. No additional post-processing, beyond this RMSD filtering, was performed in this study.
Parameterization of Omega
Omega 1.8.1 has twenty-six parameters that the user can modify to fine-tune both construction and optimization of the generated conformational ensembles. Default settings were used except for the eight parameters in Table 1 . The choice of parameter values used in this study resulted from experimentation and experience. The first stage of conformer generation used non-default parameter values for "MMFF94S", "NUMCONFS" and "KEEPCONFS". The second stage of conformer generation used non-default parameter values for "MAXCONFS", "RMS", "EWINDOW", and "MAXROT". The last stage of conformer generation used a non-default parameter value for "FINALRMS".
One of the central entities in this study is the number of conformers necessary to achieve full conformational space coverage as provided by Omega. For this reason, we chose a relatively high value of 10,000 for MAXCONFS to enable conformational ensembles to be as large as possible using Omega.
We chose both NUMCONFS and KEEPCONFS to be 25, which is the recommended value, for example, when building custom Omega ring system template libraries. In our experience, the choice of this value makes Omega's first stage random-coordinate distance-geometry method nearly deterministic for drug-like structures, likely due to better sampling of initial conformers.
Our choice of parameter values for NUMCONFS, KEEPCONFS, and MAXCONFS, being a trade-off between unlimited ensemble size and calculation expense, allows generation of up to a maximum of 250,000 conformers per molecule in the second stage of model building. This large number enabled us to explore how variation in the parameter RMS affects the total number of conformations produced.
Modeling of the relationship between NRC and RMSD resolution
2.3.1. Premise-We assume the general dependency:
where NRC is the number of conformers in the output ensemble; RMSD is the resolution of coverage; DF is the number of the molecule's degrees of freedom; and SIZE is a descriptor of the molecule's size.
In theory, DF and SIZE are purely structure-dependent parameters and thus knowable prior to conformer generation. This would suggest that only the RMSD parameter embodies the variability of the conformer generation software.
In order to explicitly take into account the peculiarities of the Omega algorithm and knowledge base used for generation of the conformers, we introduce an additional, calibrating, parameter: the number of conformers generated by Omega for each small molecule at a fixed RMSD 0 , which we denote by NRC 0 . Besides accounting for the software idiosyncrasies, NRC 0 should reflect, for example, such properties of molecules as distribution of chemical groups that may cause steric clashes. Calculation of NRC 0 requires the expense of an additional run of the Omega application. We set RMSD 0 to a relatively high value of 2.0 Å to make this step relatively cheap in terms of computational resources. The general form of this relationship describes the dynamics of NRC relative to NRC 0 for RMSD values relative to RMSD 0 , where RMSD 0 is 2.0 Å, and is expressed by Eq. 2:
The value of RMSD in Eq. 2 was taken to be identical to the FINALRMS parameter used to generate the Omega conformer ensembles. The ensembles' conformer count was taken as the value of NRC. To account for a molecule's degrees of freedom (DF), we counted the number of rotors (nr), as determined by the OEChem software 21 . In addition, we attempted to account for flexible ring systems by using a count of non-hydrogen atoms in non-aromatic rings (nnara), where the description of aromaticity was selected to be the OpenEye aromaticity model implemented within the OEChem software. We also removed bridgehead atoms and non-sp 3 hybridized ring atoms from the "nnara" value. For the value of SIZE, we selected the count of the number of non-hydrogen atoms (nha).
In this study, logarithmic forms of NRC and NRC 0 were used as variables in Eq. 2 and, since the equation describes the dynamic of NRC relative to NRC 0 , we likewise used ln(RMSD/ RMSD 0 ) instead of RMSD. The relationship explored in this study is expressed in Eq. 3:
Datasets-From the PubChem 16
Compound database, 10,000 random chemical structures were selected, each alternating between being placed in either a training set or a test set. Both structure sets were then filtered to remove entries that possess: "non-organic" elements, being those other than H, C, N, O, F, P, S, Cl, Br, and I; more than a single covalently bonded unit; a molecular weight greater than 1,000; more than fifteen rotatable bonds; and undefined tetrahedral sp 3 or planar sp 2 stereo centers.
The resulting training and test sets consisted of 3,414 and 3,352 compounds, respectively. Omega was utilized to create a 3-D conformer ensemble for each compound in the training and test sets using the parameter values described above. For every compound, Omega was run twice: the first time to generate the calibration parameter NRC 0 of the model at RMSD=2.0 Å (RMSD 0 ) and the second time with an RMSD picked randomly from the set of {0.6, 0.8,
2.3.3. Method used for model development-To explore and determine the relationship in Eq. 3, the combinatorial algorithm of the Group Method of Data Handling 22 (GMDH) was selected. GMDH is a method that iteratively selects, among a series of tested models, the model with both highest prediction accuracy and lowest complexity. The general functional form of the models tested was a polynomial of second order, thus allowing for terms that are the product of any two independent variables.
The first iteration of GMDH produced models of the simplest form y = a 0 + a 1 x i , i = 1,2,…,M, and the five best of these models (F=5) were selected. A second series of more complex models, y= a 0 + a 1 x i + a 2 x j , i=1,2,…,F, j=1,2,…,M, were generated using the first series of models. The third series of models produced, y = a 0 + a 1 x i + a 2 x j + a 3 x k , i = 1,2,…,F ; j = 1,2,…,F ; k = 1,2,…,M, are even more complex, and so on. The iterative procedure was carried on as long as the convergence criterion decreased in value. The external criterion for GMDH algorithm convergence is the forecast error variation criteria, RR, whose functional form used in this study is shown in Eq. 4:
where y i is the actual variable value, ŷ i is the value calculated according to the model, y¯ is the mean value, B is the test set, and A is the training set. Minimization of RR consists essentially in selecting the model developed on training set A that gives the best prediction accuracy on the test set B. If ligands occurred in multiple protein-ligand complexes in the MMDB, all instances were included in our data set. Only compounds passing the filtering step described in section 2.3.2 were considered, resulting in a final set of 14,504 experimentally determined 3-D structures.
Assessment of NRC needed for given
The stereochemistry present in a given 3-D structure was enforced for all conformers generated in an ensemble.
2.4.2.
Computing and predicting NRC-For every structure, Omega was run using the method described in section 2.3.2. Starting conformations were generated independent of the input 3-D coordinates, i.e., from connection tables. The resulting NRC 0 values were used to predict NRC for the entire range of investigated RMSD values from 0.6 to 2.4 Å with step size 0.2 Å, using the model developed in section 2.3.
2.4.3.
Calculation of RMSD X-ray -The RMS deviation between the X-ray structure and each conformer in the Omega produced ensemble was calculated using the OEChem function "OERMSD". 21 The least RMS deviation to the X-ray structure is referred to in this study as RMSD X-ray .
2.4.4.
Determination of "holes" in the conformational coverage-For an ideal conformational ensemble perfectly spaced by a particular RMSD value, one should be guaranteed that the RMSD is an upper bound of the RMSD X-ray . However, the RMSD X-ray can be greater than the RMSD for the ensemble in cases where the bioactive conformation is located in a region lacking conformational coverage. Using RMSD X-ray ≤ RMSD as an indicator, we looked for "holes" in the conformational coverage generated by Omega.
Obtaining a quantitative estimate of this effect is important because in cases where such "holes" exist, the NRC of ensembles produced by Omega underestimates the total number of conformers needed for regular coverage of the conformational space. The relative number of cases in which RMSD X-ray ≤ RMSD is referred to from now on as the success rate of reproduction.
RESULTS AND DISCUSSION

Model of the relationship between NRC and RMSD
The convergence of the GMDH RR criterion was achieved at the complexity level of three. The best regression equation obtained for Eq. 3 is depicted in Eq. 5. 
where: nr is the number of rotatable bonds; nnara is the number of atoms in nonaromatic rings; NRC 0 is the actual number of conformers generated at RMSD 0 =2.0 Å; and NRC is the total number of conformers produced at RMSD.
For Eq. 5, the training set yielded an R 2 of 0.92 and an RSE of 0.56 with N being 3,414 and the test set yielded an R 2 of 0.91 and an RSE of 0.57 with N being 3,352. The variable nha was not included in the equation by the GMDH procedure, presumably because the NRC 0 variable already encodes information about the size of the molecule. The variable nr is primary in determining the influence of the molecule's degrees of freedom on the NRC value. The measure of pseudo-rotors, nnara, adds a significant contribution due to the flexibility of ring systems.
After the form of the model was determined, coefficients were estimated more precisely using the combined training and test sets, yielding Eq. 6 with an R 2 of 0.92 and an RSE of 0.57, where N is 6,766. 
Examination of Eq. 6 suggests an "effective number of rotors" relationship, in that five nonaromatic ring atoms are roughly equivalent to a single rotatable bond. Re-running the regression using nr effective , where nr effective =nr+nnara/5, in place of the parameters nr and nnara in Eq. 6 yields Eq. 7 with an R 2 of 0.92, an RSE of 0.56, and N being 6,766. Applying the model in Eq. 7 to the MMDB data set, we use prediction intervals instead of single point predictions, with the prediction intervals for NRC being calculated according to Eq. 8:
where ln (NRC) calc is a value calculated by Eq.7; RSE is the residual standard error of the regression; n is the number of degrees of freedom equal to that used for the RSE calculation; t is the critical value for the Student's distribution; and α is the significance level. In this study, we use α=0.1 to obtain a 90% prediction interval. For Eq. 7, RSE=0.56 and t 0.1;6763 =1.645, therefore, the 90% prediction interval is:
Analysis of NRC and coverage for MMDB dataset
The diversity of the MMDB dataset in terms of molecular size and flexibility is shown in Fig.  6 . Fig. 7 shows the distribution of RMSD X-ray values for the 14,504 MMDB ligands versus RMSD resolution used.
The graphs suggest a statistical dependence between the average RMSD of X-ray structure reproduction and the average ensemble size across the range of ensemble RMSD resolution of coverage. The correlation between average ln(NRC) and average RMSD X-ray is −0.98. Therefore, conformational coverage as represented by the ensemble size is deemed to be a determining factor in providing reproduction of the X-ray structure. Fig. 7 also shows that, despite the average RMSD X-ray being lower than the RMSD value, in many cases RMSD X-ray is greater than RMSD. In these cases, the conformational space coverage is insufficient in the region of the X-ray conformation. Fig. 8 shows the success rates of X-ray structure reproduction for the MMDB ligands falling into the indicated effective rotor ranges. It also shows prediction intervals of the average ln (NRC) using Eq. 9 and the actual average ln(NRC) values. The numbers of ligands for which the averages were calculated are shown in Table 2 .
For compounds with 0.2-12 effective rotors, the graphs in Fig. 8 show that the predictions are of reasonable accuracy, given that the average actual ln(NRC) data lie within the prediction interval. However, for compounds with 12.2 -20 effective rotors, the predicted NRC values significantly exceed the actual NRC values at low RMSD resolutions, as indicated by the average actual ln(NRC) being below the prediction interval. Furthermore, this effect appears to correspond to a significant decrease in the reproducibility of X-ray structures within generated conformer ensembles. These major differences can be explained by limitations placed on and within the Omega application, relative to the maximum number of conformers in ensembles. In addition, this may suggest that one may need to consider different parameter settings when attempting to generate high quality ensembles at low RMSD values for flexible compounds.
The Omega parameters, MAXCONFS=10,000 and NUMCONFS=KEEPCONFS=25, used in this study allow for a maximum of 250,000 conformers (ln(NRC)=12.43). However, this maximal total conformer value is an upper limit and can only be reached: if all initial 25 conformers generated by random geometry are unique; if there is no overlap with respect to minimum RMSD spacing of conformations between the conformations produced during torsion driving of the initial 25 conformers; and if the torsion driving step reaches the maximum of 10,000 produced conformations.
For highly flexible molecules, including those with more than 12.0 effective rotors, it is possible that the 10,000 limit on the maximum number of conformers during torsion driving is reached. For example, among compounds in the range of 12 -20 effective rotors, there are many dinucleotides, such as flavinadenine dinucleotide (FAD). These molecules have several hundred conformers at an RMSD=2.0 Å and, with decreasing RMSD value, their NRC grows extremely fast, almost certainly hitting the 10,000 conformation numeric limitation at the lower RMSD values examined in this study. Hitting the maximum conformer limit during torsion driving implies a truncation of the explored conformational space, likely creating gaps in coverage, which decrease the reproducibility of X-ray structures within generated conformer ensembles and decrease the NRC.
Conformational exploration is inherently combinatoric with respect to the number of degrees of freedom. It is conceivable that a limit of 100 000, 1 000 000, or even a much larger value of maximum conformations will still be inadequate as an upper limit of the number of conformations produced during torsion driving. Consider the earlier example of FAD that has thirteen rotatable bonds. If only three torsion values are considered for each rotatable bond, this yields 3 13 = 1,594,323 potential conformations to be explored. A simplistic algorithmic approach that iterates over the allowed torsion angles will rapidly hit a "reasonable" conformation limit for molecules like FAD. More advanced approaches and techniques are clearly needed to rigorously explore the expansive conformational space of highly flexible molecules.
The results in the graphs of Fig. 8 clearly demonstrate the strong effect of compound flexibility on the reproducibility of bound ligand X-ray structures, with respect to RMSD. If one sets a statistical threshold of an 80% success rate (four out of five) of reproduction for a given RMSD value (indicated in the graphs by a dotted line), then X-ray conformation reproduction will be successful at virtually any RMSD value for compounds in the flexibility range of zero to four effective rotors using the methodology employed in this study. A transition occurs at 4.2-6.0 effective rotors where the success rate dips below 80% for the lowest RMSD value studied, 0.6 Å. As the compound flexibility further increases, the success rate of X-ray conformation reproducibility becomes progressively worse, even at more "moderate" RMSD values of 1.0 Å or greater. The apparent systematic deterioration in the ability to routinely reproduce the Xray conformation as a function of increasing flexibility and decreasing RMSD may suggest an aggregate lower bound RMSD resolution possible for a molecule of given flexibility due to the methodology employed within Omega. Considering that this trend is consistent across the full range of flexibility and our choice of parameters does not restrict the conformation exploration of moderately flexible structures by Omega, this is likely the result of a combination of insufficient sampling of the torsion angles used in the Omega ring and torsion knowledge base and the use of an inappropriate or inadequate forcefield, suboptimal energy thresholds, or other inherent additive or accumulative systematic errors specific to the implementation of Omega. Table 3 shows the prediction intervals for the average NRC as a function of effective rotor range for the entire MMDB dataset. The italicized values show the progressive breakdown in the ability to routinely reproduce the X-ray structure as a function of RMSD and of flexibility, i.e., where conformational coverage "holes" at a particular RMSD resolution may be an issue. The values in italics and boldface indicate where prediction overestimates actual NRC, presumably due to Omega conformation production limits being reached, discussed previously.
As shown in Table 3 , the conformational space of less flexible molecules is small and may be represented by a relatively small number of conformers for RMSD values all the way down to 0.6 Å. Obviously, the lower bound for any estimated average NRC is 1, which is indeed found for all RMSD values for the least flexible compounds (nr effective = 0.2 -2). This implies that, in many cases, a single conformer may be sufficient to reproduce the biologically active structure of the least flexible molecules within the highest resolution of coverage studied.
In contrast, the conformational space of more flexible molecules becomes large quickly, especially at smaller RMSD values. The NRC prediction intervals given in Table 3 provide only conservative estimates of the actual interval size, considering Eq. 7 is not based on the results of an exhaustive conformational search. However, even these estimates show that, to represent the conformational space of flexible molecules with high resolution of coverage, a large number of conformers may need to be generated. For those italicized domains in Table  3 where the success rate of X-ray structure reproduction was low, NRC values reported are obviously too low for regular coverage. In other words, larger numbers of conformations should be expected to achieve regular coverage at those resolutions.
Interestingly, Table 3 can help estimate the accuracy of bioactive structure reproduction expected if one uses conformer ensembles of a particular size. For example, using ensembles of up to 500 conformers, one might expect accuracy of reproduction for compounds to be: 0.6 Å with 0. In a number of studies, authors have used ensembles limited to 50-500 conformers 25,27-29 or used RMS deviation from X-ray structures averaged over all investigated compounds, regardless of flexibility, as a criterion of the ensemble quality 27-28,30 . We would contend that this is a questionable practice. Achieving low RMSD X-ray , for example, 0.6 Å, using smallsized ensembles is trivial for inflexible structures and practically unreachable, other than by sheer luck, for compounds with more than eight effective rotors. By the same token, our findings may seem to contradict earlier conclusions 31-32 that a small number of conformations are always sufficient to represent conformational spaces of drug-like molecules. As this work shows, this is only true if the minimum RMSD spacing between conformations is increased as a function of flexibility, implying a decrease in the degree of accuracy. We emphasize that the sufficiency of the conformational ensemble size very much depends on the accuracy required of the ensemble.
Our results suggest that, for the assessment of the quality/effectiveness of conformational models generated using different methodologies and applications, it may be useful to compare these models with conformer ensembles providing regular coverage of the entire conformational space of molecules, i.e., those produced by an "ideal" systematic search where there are no "holes" in conformational coverage. A methodology that would allow a significant decrease of the number of conformers without any loss of the bioactive structure reproduction accuracy should be considered to be effective in the above sense. For example, it can certainly be argued that use of an energetic threshold may significantly decrease the number of conformers in a regularly-spaced ensemble without any loss in the X-ray structure reproduction accuracy by eliminating biologically irrelevant parts of the conformational space.
CONCLUSIONS
This study has demonstrated and, to some degree, quantified the interdependence between the resolution of coverage, the size of conformational ensembles, and molecular flexibility. We have shown that the coverage of a molecule's conformational space plays an important role in the reproduction of biologically active conformations. As such, to produce conformational models for arbitrary chemical structures with a particular accuracy of bioactive structure reproduction, a particular RMSD resolution of coverage should be used and, consequently, the conformational ensemble sizes will vary significantly depending on molecular size and flexibility. For molecules with little flexibility, a fairly small number of conformers is sufficient to cover their entire bioactive conformational space at RMSD resolutions down to 0.6 Å. For compounds with more than eight effective rotors, however, ensembles of up to 500 conformers, may be insufficient to provide an adequate conformational description at high or even medium RMSD resolution of coverage. Plot of predicted versus actual ln(NRC) using the model in Eq. 7. Each dot represents one of the 6,766 structures in the combined training and test sets. The solid line depicts an ideal fit of predicted to actual values. Distributions of the number of heavy atoms and effective rotors for the combined training and test sets. Comparison of ln(NRC), actual and predicted, using Eq. 7, as a function of RMSD for PubChem CID 2941020, depicted above, which contains 32 non-hydrogen atoms, nine rotors, and six "non-aromatic" ring atoms. Effective rotors: 10.2. Comparison of ln(NRC), actual and predicted, using Eq. 7, as a function of RMSD for PubChem CID 1212923, depicted above, which contains 33 non-hydrogen atoms, four rotors, and seven "non-aromatic" ring atoms. Effective rotors: 5.4. Comparison of ln(NRC), actual and predicted, using Eq. 7, as a function of RMSD for PubChem CID 520865, depicted above, which contains 11 non-hydrogen atoms, four rotors, and zero "non-aromatic" ring atoms. Effective rotors: 4.0. Distributions of the number of heavy atoms and effective rotors for the 14,504 MMDB ligands. Upper graph: Plot of the RMSD resolution of all 14,504 conformer models in the MMDB data set versus the smallest RMSD from the experimentally derived 3-D "biologically active" conformer to a single conformer in the conformer model. Each triangle denotes one of the conformer models. Triangles above the solid straight line represent cases where the "bioactive" conformation is not within the RMSD resolution of the conformer model. The thick solid line denotes the average RMSD distance to the "bioactive" conformation. The dotted lines denote the standard deviation from the average RMSD distance. Bottom graph: Average size of conformational ensemble (ln (NRC)) generated at different RMSD resolutions. Curves: actual average ln(NRC) values. Intervals: prediction intervals of the average ln(NRC). Bars: success rates of X-ray structure reproduction. The dotted horizontal line marks the 80% threshold of X-ray structure reproduction. Each individual panel, which covers the effective rotor range shown at the top, displays the results as a function of the RMSD of coverage of conformational space. allowed to be generated by the first stage of ensemble generation. KEEPCONFS -Actual number of conformers generated by the first stage of conformer generation that are passed on to the second stage of conformer generation for independent torsion driving. If KEEPCONFS is less than NUMCONFS, then the first KEEPCONF conformers lowest in energy are selected from the initial NUMCONFS conformers. RMS -This parameter directly controls the resolution of coverage of the conformational space by specifying the minimum RMSD difference between conformers. When filtering by RMSD, Omega considers the lowest energy conformations first, resulting in higher energy conformations being eliminated. EWINDOW -The maximum energy difference between the conformer of lowest and highest energy as determined by the force field used. Conformers beyond this energy range are eliminated from consideration. MAXCONFS -Maximum number of conformers produced during torsion driving, the second stage of conformer generation, from a conformer produced in the first stage of conformer generation, after filtering by EWINDOW and RMS. MAXROT -Maximum number of rotatable bonds allowed in a structure for processing by Omega. FINALRMS -Minimum RMSD between any two conformations output in the final stage of conformer generation process.
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Count of structures in the MMDB dataset binned by effective rotor range and RMSD value a Table 3 Prediction intervals for average NRC as a function of RMSD and effective rotor range for the MMDB dataset a 
